The present paper described the first successful use of ex situ copper(0) nanoparticles as an efficient catalyst visa-vis using toluene as an effective solvent when doped with water for SET-LRP. Copper (0) , respectively. Under these polymerization conditions, the reactivity ratio of MMA and styrene (St) was found to be 0.41 and 0.23 at 70 C, respectively.
Introduction
The progress in controlled/living radical polymerization (LRP) is remarkably fuelled by researchers for its control over polymer architectures, compositions and functionalities. [1] [2] [3] The most widely used LRP techniques that are receiving the greatest attention are nitroxide-mediated radical polymerization (NMP), 4 atom transfer radical polymerization (ATRP) 1,5 and reversible addition-fragmentation chain transfer (RAFT). 6 Among these techniques, ATRP is a metal-catalyzed process which requires an alkyl halide initiator and transition metal catalyst in the lower oxidation state, i.e. Cu(I) that is relatively sensitive to air. 7 In recent years, increasing efforts have been made towards improvement in the ATRP process. 1, 5 To date, activators regenerated by electron transfer (ARGET-ATRP) and initiators for continuous activator regeneration (ICAR-ATRP) are two promising techniques that involve the use of oxidatively stable transition metal catalyst i.e. CuBr 2 which in situ reduces to Cu(I) by using reducing agents, for example ascorbic acid in ARGET-ATRP and AIBN in ICAR-ATRP. These techniques are advantageous as they provide a remarkable reduction in the amount of the metal catalyst which is required for the ATRP. 8 Around the same time that ARGET and ICAR-ATRP were being developed, Percec et al. reported an another low copper concentration method of controlled/living polymerization named as ''single-electron transfer living radical polymerization'' (SET-LRP), which is based on the use of Cu(0) as the source of the transition metal in conjunction with N-ligands and initiators. [9] [10] [11] [12] [13] [14] [15] This technique has many attributes in common with ATRP, however, it uses Cu(0) in place of Cu(I) salts in the absence of an inherent oxidizing agent. Among the different methods of LRP, 1,4-6 SET-LRP: Percec's technique, [9] [10] [11] [12] [13] [14] [15] has several advantages, i.e., it requires low catalyst concentration, ambient polymerization temperature and resulting in ultrafast rate of polymerization along with perfect control over molecular weight with narrow polydispersity. 16 There are technical merits of using Cu(0) as LRP catalyst over Cu(I) and Cu(II) complexes.
17 Furthermore, the polymerization rates are higher in comparison to ATRP systems, and polymerizations are oen carried out at room temperature. This is due to faster activation (k act ) through the outer sphere electron transfer (OSET) process mediated by Cu(0) as compared to the inner sphere electron transfer (ISET) process in conventional ATRP.
Percec et al. 9 reported that in SET-LRP, Cu(0) and Cu(II)X 2 species were formed in situ through the disproportionation of Cu(I)X in the presence of N-ligands in dipolar aprotic solvents such as DMSO, DMF, alcohols, ionic liquids, and N-methyl-2-pyrolidone. [18] [19] [20] [21] The extent of disproportionation of Cu(I)X is highly dependent on the type of ligands and solvent used.
22 SET-LRP of vinyl monomers at ambient temperature in DMSO, toluene and acetonitrile shows that DMSO accelerates the electron transfer activation as well as disproportionation, whereas, disproportionation is unfavourable in toluene 23 and acetonitrile.
24 SET-LRP can also be performed with good efficiency in binary solvent system like organic solvent-H 2 O.
25 Zhu et al., 26 reported the use of toluene as solvent in SET-LRP using Cu(0) in situ generated from CuSO 4 $5H 2 O/N 2 H 4 $H 2 O as catalyst. They could not observe the designated limitation of toluene as improper solvent in SET-LRP and stated that presence of water in CuSO 4 $5H 2 O/N 2 H 4 $H 2 O might have played the role in making toluene as a proper solvent. It is also important to state that water has the highest intrinsic disproportionation constant for Cu(I)X.
9,23,26-28
To bring the clarity of above nding, we herein report for the rst time SET-LRP of MMA by using ex situ synthesized Cu(0) nanoparticles ($5 nm) as catalyst and PMDETA as ligand in a toluene/H 2 O solvent system at different temperatures (Scheme 1). We have also minimized Cu(0) concentration up to 0.15 ppm with reasonable monomer conversion. To the best of our knowledge, no one has reported polymerization at this low concentration of Cu(0) as catalyst and toluene doped water as solvent. Copolymerization of MMA and St by SET-LRP was also investigated using this solvent and catalyst system.
Experimental

Materials
CuCl 2 $2H 2 O from Sigma Aldrich (>99.99%) was used as a precursor for the preparation of Cu(0) nanoparticles. L-Ascorbic acid was procured from Sigma Aldrich (AR grade, >99.5%) and HPLC grade deionized water was used. Methyl methacrylate (MMA) and styrene (St) were purchased from Sigma-Aldrich and were puried by passing through a neutral aluminium oxide column. Ethyl 2-bromoisobutyrate (EBriB) from Sigma-Aldrich was distilled over CaH 2 under high vacuum and stored at Hereaer, the concentration of Cu(0) nanoparticles will be described in ppm.
SET-LRP of MMA by using Cu(0) nanoparticles
In a typical polymerization procedure, MMA (0.018 mol) and Cu(0) nanoparticles (28.5 ppm) and water/toluene (2 ml, 1 : 0.1 (v/v)) was added into a dried and evacuated ampoule under stirring to provide a well-dispersed solution. Aer sealing with a rubber septum, the ampoule was evacuated and then purged with nitrogen (3 cycles) to remove oxygen. Degassed PMDETA (200 ml, 0.95 mmol) was added into the ampoule and kept in thermostatic oil bath at the desired temperature to polymerize under stirring. Then the initiator, EBriB (100 ml, 0.68 mmol) was added via a gas tight syringe to commence the polymerization. Aer the desired polymerization time, the reaction mixture was put in ice cold bath and diluted by THF and polymer was precipitated by adding excess of cold methanol. Copolymerization of MMA and styrene by SET-LRP using Cu(0) nanoparticles SET-LRP of MMA and styrene in the presence of Cu (0) 
Results and discussion
Synthesis of Cu(0) nanoparticles
The UV-Vis spectrum of dispersed Cu(0) nanoparticles in aqueous medium was matches well with the literature (ESI, Fig. S2 †) . 29 In UV-Vis spectrum, a wide shoulder in the range of 400-650 nm has been observed. The average particle size was determined by TEM and was found to be 5 nm (Fig. 1a) . The SEM image of Cu(0) nanoparticles shows leaf like pattern (Fig. 1b and c) , which is probably arisen due to the drying of copper solution on carbon tape.
SET-LRP of MMA using Cu(0) nanoparticles
The synthesized copper(0) nanoparticles dispersed in water were used as catalyst for SET-LRP of MMA in the presence of various N-ligands. Among the different N-based ligands such as PMDETA, TMHDA, TMEDA, and DMHA, PMDETA has been considered for the detailed study. 30 The selection of a suitable solvent in SET-LRP is crucial since solvent exerts a strong inuence on the polymerization kinetics. It is well known that dipolar aprotic solvents such as DMSO, DMF, NMP etc. are the preferred for SET-LRP. (Table 1( a-e) ). It was observed that when the concentration of Cu(0) nanoparticles was 7.40 ppm, monomer conversion for ligand PMDETA and TMHDA was $85-90 wt% in 180 min whereas for TMEDA and DMHA, conversion was $28 wt% only aer 180 min (entry 1-4, Table 1b). Similar trend was observed when concentration of Cu(0) nanoparticles reduced to 0.75 ppm (Table 1d) . Cheng et al. 30 observed that there was no polymerization occurred when the concentration of Cu(0) decreases to 2.5 ppm but in the present study, polymerization with monomer conversion of 25 wt% and dispersity (Đ) 1.29 at 0.15 ppm of Cu(0) nanoparticles concentration (entry 1, Table 1e ) was observed. Overall by using Cu(0) nanoparticles of 5 nm, polymerization is very fast with good conversion of monomer by using PMDETA and TMHDA as ligands. It is interesting to note that polymers with narrow polydispersity was obtained by using PMDETA as ligand at different concentration of Cu(0) nanoparticles. But with TMHDA, control over dispersity was very poor and high molecular weight of polymers was obtained. So among the different N-based ligands such as PMDETA, TMHDA, TMEDA and DMHA, PMDETA has been considered for the detailed study. The calculations of M n,theo indicates that catalyst works well with PMDETA ligand only, while other ligands have lot of difference between M n,theo and M n,GPC values (Table 1a-e). The results shows that the molecular weight of PMMA increases linearly with conversion, whereas, polydispersity decreases from 1.6 to 1.4 with increasing conversion at 25 C (Fig. 3a) . Molecular weight of PMMA increases linearly with monomer conversion whereas, dispersity remains below 1.5 for SET-LRP at 70 C as shown in Fig. 3b .
Chain end functionality and chain extension
One of the most important criteria of "livingness" is the retention of chain end functionality in the polymer. The chain end of PMMA prepared by SET-LRP was analyzed by 1 H NMR spectroscopy (Fig. 4i) compared intensities with respect to PMMA peaks conrmed that the initiator moieties of ethyl 2-bromoisbutyrate are attached to the polymer chain ends. The chemical shis at d ¼ 0.8, 1.0 and 1.2 ppm can be ascribed to syndiotactic (rr), atactic (mr) and isotactic (mm) methyl groups of PMMA, respectively. The M n determined by 1 H NMR was found to be M n , NMR ¼ 20 195 g mol À1 which is closer to M n as determined by GPC (M n ,
Further, the livingness of synthesized polymer can be investigated by the chain extension reaction. It is only possible when the retention of the chain end functionality happens to be in higher percentage of synthesized polymer.
Thus, the obtained PMMA can be used as a macro initiator to conduct a chain extension reaction to check the living character of polymer. Therefore, PMMA (M n , GPC ¼ 18 487 g mol À1 , M w / M n ¼ 1.24) obtained from above reaction was used as predecessor in chain extension experiment with fresh MMA. As shown in GPC (Fig. 5) , there is a peak shi to higher molecular weight aer the extended chain of PMMA (M n , GPC ¼ 76 566 g and the concentration of Cu(0) nanoparticles was 7.40 ppm, where monomer conversion for ligand PMDETA and TMHDA was $85-90 wt% in 90 min, whereas for TMEDA and DMHA, conversion was $28 wt% only aer 180 min (Table 1b) (Table 1d ). Cheng et al. 30 observed that there was no polymerization occurred when the concentration of Cu(0) decreases to 2.5 ppm but in the present study, we observed polymerization with monomer conversion of 25 wt% and Đ 1.29 at 0.15 ppm of Cu(0) nanoparticles concentration (Table 1e ). Overall by using Cu(0) nanoparticles of 5 nm, polymerization is very fast with good conversion of monomer by using PMDETA and TMHDA as ligands. It is interesting to note that polydispersity of polymers were narrow by using PMDETA ligand at different molar ratio of [M] MMA and styrene co-polymerization by SET-LRP using Cu(0) nanoparticles
The copolymerization of MMA and St using Cu(0) nanoparticles as catalyst mediated SET-LRP was carried out at 70 C with EBriB as an initiator. The incorporation of MMA and St in copolymer has been determined from 1 H NMR spectra (Fig. 4(ii) ). Further, the narrow molecular weight distribution with low dispersity (Đ) is also observed aer co-polymerization (ESI, Fig. S3 †) . It is signicantly different from the homopolymers or block copolymer of this monomers, indicating the formation of random copolymers. 35 The peak at 2.85 ppm was characteristic of the -OCH 3 groups of MMA moiety bonded to the St indicating the formation of random copolymer of MMA and St. 36, 37 The aromatic protons (6.6-7.3 ppm, 5H) of St and -OCH 3 protons (2.4-3.6, 3H) of MMA repeat units were chosen to calculate the composition of monomers in copolymer by their intensity ratio. 38 Reactivity ratio of copolymers was determined by Fineman-Ross method 39 using their respective NMR peak intensities. The parameters for calculating reactivity ratios by Fineman-Ross method are given in 
Conclusions
We have demonstrated the rst successful SET-LRP of MMA catalyzed by using ex situ Cu(0) nps (ca. 5 nm) as catalyst in biphasic water-toluene reaction system at 25 C and 70 C, to monitor the molecular weight, dispersity and kinetics of polymerization. The results provided conclusive evidences: (i) toluene is a favourable solvent for SET-LRP in the presence of small amount of water, (ii) ex situ Cu(0) nps even at a concentration of 0.15 ppm gives reasonably conversion with dispersity 1.29, and drastically reduces the contamination issue of copper. Furthermore, this work provides an efficient process for the copolymerization of MMA and St. Overall; it has been observed that polymerization kinetics follow rst order at 25 C and 70 C with retention of higher percentage of chain end functionality for further facile chain extension reaction along with good control over molecular weight showing the features of living/controlled radical polymerization. 
